Sex is considered an understudied variable in health research. Schizophrenia is a brain disorder with known sex differences in epidemiology and clinical presentation. We systematically reviewed the literature for sex-based differences of diffusion properties of white matter tracts in schizophrenia. We then conducted a meta-analysis examining sex-based differences in the genu and splenium of the corpus callosum in schizophrenia. Medline and Embase were searched to identify relevant papers. Studies fulfilling the following criteria were included: (1) included individuals with a diagnosis of schizophrenia, (2) included a control group of healthy individuals, (3) included both sexes in the patient and the control groups, (4) used diffusion tensor imaging, and (5) involved analyzing metrics of white matter microstructural integrity. Fractional anisotropy (FA) was used as the measure of interest in the meta-analysis. Of 730 studies reviewed, 75 met the inclusion criteria. Most showed no effect of sex, however, those that did found either that females have lower FA than males, or that the effect of disease in females is larger than that in males. The findings of the meta-analysis in the corpus callosum supported this result. There is a recognized need for studies on schizophrenia with a sufficient sample of female patients. Lack of power undermines the ability to detect sex-based differences. Understanding the sex-specific impact of illness on neural circuits may help inform development of new treatments, and improvement of existing interventions.
Introduction
As sex is known to affect human brain development, 1, 2 disorders that are likely to have a genetic or neurodevelopmental origin may affect the male brain differently than the female brain. Sex may be an especially relevant factor for schizophrenia, where incidence, 3, 4 age-at-onset, 5 clinical manifestation, 6 disease prognosis, 6, 7 and treatment response 7 all differ between male and female patients. Schizophrenia has been characterized as a disorder of disconnectivity. 8 Considerable evidence for changes in the white matter tracts connecting brain regions has been demonstrated in people with schizophrenia compared to healthy controls. [9] [10] [11] An assessment of sex-related differences in white matter among schizophrenia patients themselves may provide insight into sex-specific etiology, clinical differences, or treatment targets that may be useful for addressing specific patient needs.
Diffusion tensor imaging (DTI) allows us to indirectly measure white matter microstructure by recording diffusion of water molecules. Several review articles have summarized findings from DTI studies on schizophrenia patients. [9] [10] [11] [12] [13] [14] In addition, 2 meta-analyses have been conducted on articles where DTI properties of the corpus callosum in schizophrenia were examined. 15, 16 However, to our knowledge, no systematic review or meta-analysis has been conducted to date on the effect of sex on diffusion measures of white matter in schizophrenia patients.
Sex differences in brain morphology of schizophrenia patients are often seen in regions that are normally different between the sexes on average, 17 such as the corpus callosum. Sex differences in the macrostructure of the corpus callosum have been observed in healthy subjects 18 and schizophrenia patients. 19 Sex differences have also been observed in the fractional anisotropy (FA) of the corpus callosum in healthy subjects. [19] [20] [21] [22] [23] Two meta-analyses have shown structural differences in the corpus callosum between schizophrenia patients and controls. 15, 16 In addition, several studies have shown functional abnormalities in the corpus callosum linked to disruption of interhemispheric communication in schizophrenia. 24, 25 Findings of abnormal interhemispheric transfer in schizophrenia was also shown using event-related activity. 26 An early review on studies of the corpus callosum found that a thicker corpus callosum in schizophrenia patients was associated with both more negative symptoms and earlier age of onset. 27 As both of these are more common in males, it may be that corpus callosum abnormalities in schizophrenia are sex-dependent. Indeed, an exploratory meta-regression in a study showed that sex may explain differences in diffusion properties of the corpus callosum in schizophrenia. 15 Sex differences in other white matter tracts in healthy individuals have been shown. 28, 29 However, given the onaverage sex differences of the corpus callosum in healthy individuals, findings supporting corpus callosum abnormalities related to clinical phenomena more commonly associated with males, and the large number of studies published on this structure, we also chose to conduct a meta-analysis using the corpus callosum.
In this systematic review, findings of sex differences in DTI studies on schizophrenia are examined. We included both cross-sectional and prospective DTI studies of patients with schizophrenia, which also had a comparison group of healthy subjects. The outcome measure of interest was any white matter microstructural property obtained from DTI scans, with a particular focus on the most commonly reported measures of FA and mean diffusivity (MD). This article has 3 components: a systematic review of sex-related findings in studies on all white matter tracts; a more detailed review on only those articles that study the genu and splenium of the corpus callosum; and a meta-analysis on FA of the genu and splenium in males and females.
Methods

Search Strategy
Medline (1946 to April 8, 2016) and Embase (1974 to April 8, 2016 ) databases were searched for all studies that used DTI to compare microstructural properties between patients with schizophrenia and healthy controls. The search strategy was developed in consultation with a medical librarian at the University of Toronto and is included in the supplementary material document (supplementary figure S1 ). The sensitivity of the search strategy was tested and revised using 24 relevant articles that were retrieved using a Google Scholar search and identified in a literature review on DTI findings in schizophrenia. 30 Additional studies were identified by doing backward and forward citation searching on all studies that met inclusion criteria. Authors were contacted via email and ResearchGate to request full-text articles that were inaccessible through other means. The literature search strategy was updated on August 11, 2016 to include new studies published after the initial search. There is no review protocol for this systematic review. This systematic review was written in accordance with PRISMA guidelines. 31 
Inclusion and Exclusion Criteria
Study titles and abstracts were screened using the following inclusion criteria: (1) the sample included people with a diagnosis of schizophrenia, (2) the study had a control group of healthy subjects, (3) both males and females were included in the patient group and the control group, (4) the study used DTI, and (5) image processing involved computing and analyzing DTI-acquired metrics of white matter microstructural integrity. Only articles published in or translated to English were included. Posters and abstract for conference proceedings were excluded as they are not peer-reviewed and do not contain most of the information required for data synthesis. However, non-peer-reviewed articles and theses were retained to avoid publication bias. The articles that passed the initial screening were filtered again to only include articles that conducted and reported results of sex-based analyses. This screening was conducted by scanning the full text for the terms: sex, gender, men, women, male, female, boy, and girl, and only keeping studies that used these terms in the context of a sex analysis. To maintain the sensitivity of the search, the term "sex analysis" is used broadly. Any mention of the terms above qualified the study to be included, with the exception of those studies that only mentioned these terms to report the sex distribution in their study or to indicate that their samples were sexmatched. The retrieved studies were filtered a third time to isolate those that studied the genu and splenium of the corpus callosum. The same technique as the second filter was used for the third filter with the following terms: corpus, callosum, genu, and splenium. Data were screened by author S.S. The data screening process has been represented as a flowchart in figure 1.
Data Extraction
To understand how sex affects white matter findings in schizophrenia across all tracts, data on sex-related findings, average age, and DTI image processing method were extracted by author LS for studies on all white matter tracts. Given the additional analyses for the corpus callosum, measures including quality assessment and details of DTI processing were collected only for those articles that studied the genu and splenium. A list of all measures collected in the data extraction form is included in the supplementary material document. Data were extracted by L.S., and any ambiguities were flagged and later discussed between S.S. and L.S. until a consensus was reached. Additionally, statistical summary measures were collected for the meta-analysis. FA is a commonly used DTI measure that is sensitive to changes in white matter microstructural integrity. FA means and SDs were extracted from studies on the genu and splenium, separately for males and females. Authors were contacted if sex-separated FA values were not reported in the article.
Quality Assessment
A modified version of the Newcastle-Ottawa Scale (NOS) 32 was used to assess the quality of all studies that included the genu and splenium as regions of interest. The questions on representativeness of cases and selection of controls were removed as all cases were consecutive and all healthy subjects were community controls. The scale was modified to check comparability for age and sex as both are important factors. An extra point was given to studies that matched cases and controls on one additional factor. As sex-related analyses were not the primary objective of most studies in this review, 3 questions were added to assess the emphasis on sex analyses in the studies. The quality assessment criteria are detailed in table 1.
Meta-analysis
Statistical summary measures were categorized into 4 groups: male-genu, female-genu, male-splenium, and female-splenium. Heterogeneity of the data was tested for all 4 groups. As the 2 splenium groups had moderately high I 2 values, a random-effects pair-wise metaanalysis was conducted using the DerSimonian-Laird method. 33 Hedges' g was used as the effect size measure in the meta-analysis. Forest plots were generated to examine the effect of sex on the difference in FA between patients and controls. To assess the contribution of each study to the overall effect, a leave-one-out meta-analysis was conducted on all 4 groups. In addition, a test for skewness was conducted 34 to determine if any study included in the meta-analysis contained data that had a non-normal distribution. Funnel plots were also generated to assess publication bias and systematic heterogeneity. As standard error is known to be superior to other measures of study size, 35 standard error was plotted against Hedges' g in the funnel plots. Contours were drawn at the 90% and 95% CI. Any group that had more than 1 study outside the 90% CI was tested for systematic heterogeneity by conducting exploratory meta-regressions.
Meta-regression
Age is known to affect white matter FA in both patients and controls. 36, 37 Thus, age was regressed against effect size to assess potential impact on difference in FA between patients and controls in sex-stratified samples. Age was calculated by averaging the reported average age for patients and controls, weighted by the number of people in each group. Exploratory meta-regressions were conducted in which the following variables were regressed against effect size: quality assessment score, year of publication, number of diffusion-weighted gradient directions, slice thickness, image processing method, scanner company, magnetic field strength, and country.
Subgroup Analyses
The meta-regression did not explain the heterogeneity in the meta-analysis so a subgroup analysis was conducted. Studies were categorized into voxel-based, region-ofinterest-based, or tractography-based analyses. (table 2) . The sample size in the included studies ranged from 16 to 252 participants (median across studies = 65), and the mean age of participants ranged from 14 to 65 years (median across studies = 32.8). Twenty-five studies used a regionof-interest-based method, 24 studies used a voxel-based approach, and 24 studies used a tract-based method for DTI analysis. In 45 out of 75 studies, at least 60% of patients were male. The corpus callosum was the most frequently analyzed tract. It was studied in 52% of the included studies (table 3) . Seventy-two percent of the studies on the corpus analyzed the genu and splenium separately.
Sex-Related Findings.
Out of 75 studies, 20 tested the interaction of sex with diagnostic group (controls/ patients) and 12 studies conducted sex-stratified analyses. Twelve studies only included sex as a nuisance covariate in their statistical models and 6 studies conducted sexrelated analyses but did not report the findings of those analyses. Fifty-one studies found no effect of sex and/or no sex-by-diagnosis interaction. Only 24 studies had a statistically significant sex-related finding.
Commissural Fibers. Thirty-nine out of 75 articles studied the corpus callosum. Nine of these found a significant sex-related effect. One study showed that female patients had lower FA compared to female controls in the genu, body, and forceps minor in sex-separated analyses; however, no difference was observed between the male groups. 38 Several studies reported lower FA in females compared to males. One study found that females had lower FA in the inferior genu, 39 but no sex by diagnosis interaction. Two more studies, with shared datasets, found that females had decreased FA values in the genu, irrespective of diagnostic group. 40, 41 Another study found that female patients had lower FA than male patients; however, there were no sex differences between male and female controls. 42 One study calculated shape-normalized dispersion and found that in the left anterior corpus callosum, dispersion was highest in male patients, followed by female controls, followed by male controls and female patients. 43 In another study, male patients had lower relative anisotropy (RA) than controls in the genu and splenium, but higher RA in the body of the corpus callosum in the right hemisphere; female patients had lower RA in the body of the corpus and posterior portion of splenium and higher RA in the genu and anterior portion of splenium. 44 In the left hemisphere, male patients had lower RA than controls except in the anterior genu; females showed a similar trend. One study showed that females had a trend of higher MD than males, 40 and another study found that apparent diffusivity coefficient was significantly higher in patients compared to controls at the corpus callosum in a sex-combined analysis but not in a sex-separated analysis. 45 Finally, a study showed that differences in radial diffusivity were not significant after females were removed from the analysis. 46 Many studies observed lower FA in females compared to males in the corpus callosum. Significant differences between males and females were observed using several DTI measures.
Projection Fibers. Two out of 15 studies on the internal capsule reported significant sex specific findings. One study reported lower FA in the right anterior limb of the internal capsule for female patients relative to female controls, but observed no differences between the 2 male groups. 47 Another study using RA analyzed adolescents and adult subjects focusing on the internal capsule. 44 In adolescents, male controls had lower RA in the right hemisphere and higher RA in the left hemisphere compared to male patients. The opposite finding was reported in females where female controls had higher RA in the right hemisphere and lower RA in the left hemisphere compared to female patients. Surprisingly, the finding for adult males was similar to the finding for female adolescents. For adult females, no difference was observed in the left hemisphere and controls had lower RA than patients in the right hemisphere. However, the other 13 (out of 15) studies showed no effect of sex on the internal capsule and the significant findings of the 2 remaining studies cannot be compared as both used a different DTI measure. The external capsule, corticospinal tract, and corona radiata were tracts of interest for 6, 8, and 9 studies respectively. None reported significant sex-specific findings.
Association Fibers.
Findings from studies on association fibers are briefly summarized here. A more detailed description of the findings can be found in the supplementary material. Ninety percent of the studies on the cingulum, 83% of studies on the SLF, and 87% of studies on the UF found no significant sex-related effect. Two studies on the ILF reported significant findings. The results of both studies were congruent reporting higher mean FA in males compared to females. 48, 49 Only one study on the thalamic radiations showed a significant effect of sex. This study found that male patients had lower RA than male controls in the right anterior thalamic radiation, however, female patients had higher RA than female controls. 44 Only one out of 8 studies on the fornix reported significant results. This study reported that patients with schizophrenia had decreased FA on both sides of the fornix irrespective of sex-group separation. 45 Sex-separated analyses also revealed increased Table 2 . Note: ADC, apparent diffusion coefficient; CC, corpus callosum; FA, fractional anisotropy; ROI, region of interest analysis; SBM, source based morphometry; TBA, tractbased Analysis; VBA, voxel-based analysis. Table 2 .
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Continued apparent diffusion coefficient (ADC) values in the left fornix for female patients. The superior fronto-occipital fasciculus (SFOF), inferior fronto-occipital fasciculus (IFOF), optic radiations, arcuate fasciculus (AF), and the sagittal stratum (IFOF + ILF) were tracts of interest in 3, 13, 1, 6, and 5 studies respectively with none reporting significant sex-specific findings.
Meta-analysis on the Genu and Splenium of the Corpus Callosum
Study Characteristics. The 31 included studies were published between 2000 and 2016, with 8 studies published in the first 8 years and 23 studies published in the last 8 years of the 16-year period. These 31 studies were conducted across 13 different countries, with most studies conducted in the United States. Sixteen studies exclusively studied the corpus callosum. Eighteen studies reported duration of illness for schizophrenia patients, which ranged from a mean of 2 years to 33 years (median across studies = 13). Thirteen out of the 31 studies reported age at illness onset which ranged from 13 to 30 years (median across studies = 24). All studies analyzed FA. Twelve studies analyzed an additional measure with MD (7 studies) being the most common measure after FA.
Quality Assessment. Quality assessment ratings for the 31 studies on the genu and splenium are summarized in supplementary table S1. The studies ranged from a score of 3 to 10 where 0 is the minimum achievable score and 10 the maximum. Four studies scored < 5 in the quality assessment. Only one out of these 4 studies was included in the meta-analysis. Leave-one-out meta-analysis showed that exclusion of this study did not change results.
None of the samples from the 10 studies included in the meta-analysis had a non-normal distribution when tested for skewness. The funnel plots showed that one study in the female-genu group, 2 studies in the 2 male groups, and 3 studies in the female-splenium groups were outside the 90% CI (supplementary figure S4) . Thus, exploratory meta-regressions were run on the male-genu, male-splenium, and female-splenium groups. Results on the exploratory meta-regressions are reported in the supplementary material document. figure 2) . FA in the splenium was not significantly different in patients compared to controls for both sexes. Even though females had a larger effect size than males in both regions, the CIs overlapped; thus, the difference between the female and male groups was not statistically significant. Results of the leave-one-out meta-analysis, diagnostic group stratified meta-analysis, meta-regression, a post hoc power analysis, and subgroup analysis are reported in the supplementary material.
Meta
Discussion
This is the first systematic review and meta-analysis to our knowledge that summarizes findings of the effect of sex on DTI-based white matter metrics in schizophrenia patients and controls. We conducted a systematic review on all white matter tracts, followed by a more focused review and meta-analysis on the genu and splenium of the corpus callosum. While the majority of studies showed no effect of sex on white matter tracts, 7 showed that females had a lower FA than males regardless of diagnostic group, 3 showed that only female patients have a lower FA than female controls with no difference observed in males, and 2 showed that female patients had a lower FA than male patients. The meta-analysis showed a significant difference in FA between patients and controls at the genu, but not the splenium, for both sexes. Effect sizes of group differences were larger for females in both regions, but were not significantly different from the effect observed in males. In studies that used tractography, a significant difference for females but not males was present in the splenium, and a significant difference was present for both sexes in the genu. In this subgroup, the effect size for females was almost twice as large as the effect size in males at both the genu and the splenium, however, this difference was not statistically significant.
Even though only 15% of studies in this review indicated a statistically significant sex-related finding, all findings were in the same direction showing either that females have a lower anisotropy than males, or that disease-related differences were larger in females than in males. Our meta-analytic findings in the genu and the splenium of the corpus callosum support this result. An earlier meta-analysis of DTI studies did not examine effects of sex; however, a closer examination showed that those studies with fewer men had a larger effect of disease at the splenium. 15 When taken together, these results may seem counterintuitive, given that men have more severe cognitive impairment, negative symptoms, earlier age of onset, and a higher likelihood of treatment resistance. However, another interpretation consistent with these results is that the female brain is "protected" against schizophrenia. Other disorders that occur more frequently in males, such as autism spectrum disorder, have also found that females can require a larger biological "hit" to develop the condition. 50, 51 Females with autism have an excess of large deleterious copy number variants and single-nucleotide variants. This suggests that females require greater alteration to normal brain functioning to develop autism. 50 Further support for this interpretation comes from animal studies where developmental and genetic models of schizophrenia show that male mice are more vulnerable to develop schizophrenia than female mice. 52 From a neuroanatomical perspective, female brains are more lateralized anteriorly, with greater hemispheric differentiation, and fewer interhemispheric connections. 53 Some have argued that schizophrenia is caused by abnormal transfer of information or reverse transmission of information. 53 As males have more fibers in the anterior portion of the corpus callosum, there is more myelination and a greater likelihood of reverse transmission. 53 As females have fewer connections and have a more differentiated brain anteriorly, they may require a bigger change in microstructural integrity of fibers to manifest the symptoms of schizophrenia. Nevertheless, a large proportion of studies showed no effect of sex on diffusion properties of white matter tracts in schizophrenia and it is important to consider possible factors that may have influenced this null finding. Our interpretation is that most studies were underpowered, not just in overall sample size, but in number of females included. Recruiting female schizophrenia patients is challenging as fewer females are diagnosed with schizophrenia compared to males. 54 Forty-two percent of schizophrenia patients are females, yet, only 34% of a non-epidemiological study's sample is comprised of female patients. 55 Thus, some studies have a higher proportion of males in the patient group compared to the control group. As females and patients have both been shown to have lower FA than their counterparts in this review, this disproportionate ratio of sexes would result in an underestimation of the difference in FA between patients and controls. Aggregating values across the 2 sexes may result in higher variability in the measure of interest, making it difficult to detect differences between patients and controls.
Only 4% of studies showed a significant interaction of sex with diagnostic group. The meta-analysis shows that for the genu and splenium, the effect in females is larger than the effect in males but is not statistically significant. Thus, a sex-by-diagnosis interaction may exist, however, it may require a large sample size to be detected. Studies included in this review may be underpowered to detect that effect. Additionally, interaction effects and sex-separated analyses cut the power of these studies, which are already likely underpowered. The subgroup analysis showed that in the female groups, overall effect calculated based on studies using a tract-based approach was significant, however, the effect calculated using the region-of-interest approach was not. The lack of a positive result for the region of interest (ROI) studies could be explained by the large CI around the effect size. The small number of ROI studies and the fact that 2 out of the 3 studies were not peer-reviewed could have contributed toward this variability.
Study quality may also be a factor that influenced the null findings. As data on quality were only collected for studies on the genu and splenium of the corpus callosum, only those studies will be discussed here. In one study, a t test was conducted to see if FA on average differed between males and females. 56 By averaging across patients and controls in the male and female groups, the specific effect of diagnosis was not considered. Based on the null result of the t test, sex was not included as a covariate in further analyses in this study. Moreover, the number of male and female patients and controls was not mentioned in the text or in any figures or tables. The poor method of sex analysis and the reporting bias may have resulted in the null effect of sex on the corpus callosum FA. Moreover, often-important sex-related findings may be missed because many studies are simply using sex as a nuisance covariate instead of conducting a sex-based analysis. Averaged FA for the whole brain was computed in one of the included studies. 57 Averaging FA across large areas of the brain may cancel out any effects of sex on individual regions of the brain. In another study, the corpus callosum was not separated into its subparts. 58 The genu and splenium of the corpus callosum originate from different neurodevelopmental structures and develop during different neurodevelopmental stages 19 and are thus influenced by different environmental factors. Moreover, those 2 regions connect very different parts of the brain, 59 and the splenium has been shown to have a higher FA than the genu in several studies. 20, 59, 60 In one study, the genu is grouped together with the forceps minor, and splenium grouped with the forceps major, thus the exclusive effect of sex on the genu and splenium cannot be ascertained from this study's findings. 61 
Limitations and Strengths
Our greatest challenge was that summary statistics from only 33% of the studies on the genu and splenium were available for the meta-analysis. As most studies did not report sex-separated values for FA, authors were contacted to obtain those values. Data from 21 out of the 31 studies could not be obtained as authors either did not respond or did not have the data available. As a result, most of the 10 studies were published recently and the meta-analysis does not reflect findings from studies published before 2009. Despite our attempts to control for many variables, it remains the case that several confounds were present, among them DTI acquisition quality, analytic method, sex distribution, duration of illness, effect of medication, and treatment history. Although the linear effect of age on FA was tested in the meta-regression, the nonlinear effect of age 62, 63 on FA could not be examined. This review also had several strengths. A comprehensive search strategy was used to retrieve relevant studies. The strategy was developed in consultation with a medical librarian and was also tested for comprehensiveness by ensuring that all relevant studies from a previous review on DTI findings in schizophrenia and all key studies identified through a Google Scholar search were included in the results of the search. This review followed PRISMA guidelines and thus all components of the review have been reported in a clear and complete manner. Studies in this review were conducted across 13 different countries and were not geographically restricted. Unpublished work or work that did not undergo review was not ignored. The meta-analysis included a thesis and an article published in a non-peer reviewed journal. Publication bias and heterogeneity among studies were rigorously tested.
Implications and Future Research
Studies on white matter tracts, but more generally on brain structure or function, should conduct either a sexby-diagnosis interaction, or a sex-separated analysis, or both. As such, they should be adequately powered to do so. Including sex as a nuisance covariate allows the effect of the main predictor or variable to be isolated from the effect of sex; however, it does not help understand how sex could explain variability in the main variable of interest. Thus, simply including sex as a covariate is not sufficient. Federal funding agencies such as the National Institute of Mental Health in the United States, and the Canadian Institutes of Health Research in Canada have begun to prioritize the importance of such approaches. 64, 65 Most researchers recognize that patients and controls are separate groups and report DTI measures separately for the 2 groups; however, very few studies consider the 2 sexes as different enough to report the summary statistics separately for the 2 sexes. As several studies in this review reported a main effect of sex, DTI studies on schizophrenia should also report summary statistics for their variable of interest separately for males and females.
There is a recognized need for studies on schizophrenia with a large enough sample of female patients. Being underpowered increases the chance of type II error and severely undermines the ability to detect differences between male and female patients that may help explain the epidemiological and clinical differences observed between male and female schizophrenia patients. More importantly, effects of existing and novel treatments may be different for males and females. Understanding the sex-specific impact of illness on neural circuits may help inform development of new treatments, and improvement of existing ones.
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